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CreatineThe main focus of this investigation is steady state kinetics of regulation of mitochondrial respiration in
permeabilized cardiomyocytes in situ. Complete kinetic analysis of the regulation of respiration by
mitochondrial creatine kinase was performed in the presence of pyruvate kinase and phosphoenolpyruvate
to simulate interaction of mitochondria with glycolytic enzymes. Such a system analysis revealed striking
differences in kinetic behaviour of the MtCK-activated mitochondrial respiration in situ and in vitro.
Apparent dissociation constants of MgATP from its binary and ternary complexes with MtCK, Kia and Ka
(1.94± 0.86 mM and 2.04±0.14 mM, correspondingly) were increased by several orders of magnitude in
situ in comparison with same constants in vitro (0.44±0.08 mM and 0.016±0.01 mM, respectively).
Apparent dissociation constants of creatine, Kib and Kb (2.12±0.21 mM 2.17±0.40 Mm, correspondingly)
were signiﬁcantly decreased in situ in comparison with in vitro mitochondria (28±7 mM and 5±1.2 mM,
respectively). Dissociation constant for phosphocreatine was not changed. These data may indicate selective
restriction of metabolites' diffusion at the level of mitochondrial outer membrane. It is concluded that
mechanisms of the regulation of respiration and energy ﬂuxes in vivo are system level properties which
depend on intracellular interactions of mitochondria with cytoskeleton, intracellular MgATPases and
cytoplasmic glycolytic system.© 2009 Elsevier B.V. All rights reserved.1. IntroductionIn the beginning, the stimulating effect of creatine on respiration in
muscle homogenates was recognised when studies in bioenergetics
begun in 1930 with Engelhardt discovering ATP synthesis related to
oxygen consumption [1–3], followed in 1939 by Belitzer and
Tsybakova's discovery of the effects of creatine on oxygen consump-
tion [4]. Belitzer and Tsybakova showed that creatine added to well
washed homogenate of pigeon pectorals muscle strongly increased
oxygen uptake and production of phosphagen (as phosphocreatine,
PCr, was called at that time) without any added adenine nucleotides,
which were present only in trace amounts. The efﬁciency the
coefﬁcient of aerobic synthesis of phosphagen, the PCr/O2 ratio was
between 5.2 and 7 [4]. Now we know that the high efﬁciency of the
control of oxidative phosphorylation by creatine is due to the
functional coupling of mitochondrial creatine kinase (MtCK) with
adenine nucleotide translocase (ANT) [5–16]. However, the role of thisoseph Fourier University, 2280,
ce.
).
ll rights reserved.coupling in the regulation of cardiac respiration and energetics is still
not widely recognised [17–23].
Mitochondrial respiration and ﬁne regulation of energy ﬂuxes are
of vital importance for normal cell life, especially for cells with high
energy demand, such as cells of the heart, brain and skeletal muscle. In
spite of the fundamental progress of knowledge of mitochondrial
bioenergetics [24], the nature of respiratory control and in more
general sense, the mechanisms of regulation of energy ﬂuxes in the
cardiac and other cells in vivo are still highly debated [11,12,18–20,25–
30]. For further progress in this area and for elucidation of these
complex mechanisms, application of newly developed Systems
Biology approaches for analysis of complex integrated systems may
be very helpful [31–34]. Systems Biology as a new paradigm provides
novel concepts and approaches for the analysis of complex biological
systems [35,36], including integrated energy metabolism of muscle
and brain cells [12]. For these studies, themost useful and constructive
concept of Systems Biology is that of system-level properties which
are direct consequences of interactions between cellular components
and not known for isolated components [28,32,33]. In the intact heart,
the respiration rate is linearly dependent on the workload which itself
is governed by the Frank–Starling law [11,37,38]. Remarkably, this
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ing stable intracellular levels of metabolites such as phosphocreatine
and ATP during workload and respiration rate changes [39,40].
Furthermore, under physiological conditions when workload is
changed by alteration of left ventricular ﬁlling, the calcium transients
in cytoplasm stay unchanged [41]. These fundamental observations
evidently contradict the popular creatine kinase equilibrium theory in
establishing cytoplasmic ADP concentration for respiration regulation
(the latter does not change under conditions of metabolic stability),
and exclude the explanation of respiration regulation by calcium ions
only [25,42]. Calcium may help to activate respiration only under
conditions of adrenergic stimulation which increases its entry into
cells [43,44]. Further, in explaining respiration regulation the cell is
often considered as a homogeneous reaction medium [18,21–23,45–
48], thus ignoring the impact of the high degree of structural
organization of the cell, in particular cardiomyocytes, macromolecular
crowding phenomena, etc. (for a critical review see ref. [14]).
However, multiple experimental studies of the kinetics of respiration
regulation performed on permeabilized cells indicate the hetero-
geneity of ADP diffusion [49,50–69]. Local restrictions of intracellular
diffusion of ADP and ATP are the basis for modular organization of
cardiac energymetabolism [70–74]. Of major importance in bypassing
these restrictions is the creatine kinase–phosphocreatine circuit (or
shuttle) which includes both MtCK functionally coupled to the
oxidative phosphorylation via ANT [74] and MM isoform of creatine
kinase coupled to MgATPase reactions in myoﬁbrils and in cellular
membranes [5,6,11,12,28]. Under in vivo conditions oxidative phos-
phorylation is also inﬂuenced by the presence of other ADP utilizing
systems within the cells such as glycolysis. System analysis of the
regulation of mitochondrial respiration and oxidative phosphoryla-
tion taking into account all these complex interactions in organized
intracellular medium in the cells is still absent. Our aim was to
perform such a system analysis of the regulation of respiration
experimentally in permeabilized cardiomyocytes in situ for further
realistic developments of modelling of energy metabolism in the
future. To achieve this aim, we investigated the kinetics of the
regulation of MtCK-activated respiration both in isolated mitochon-
dria and in permeabilized cardiomyocytes in the absence and
presence of the glycolytic system (represented by pyruvate kinase
and phosphoenolpyruvate) of trapping free ADP produced by
MgATPases. The use of this protocol allowed us to study the kinetics
of MtCK reaction in situ in permeabilized cardiomyocytes by excluding
the inﬂuence of other ATP-consuming reactions. This molecular
system analysis of a complex situation close to that in cardiac cells
in vivo revealed novel aspects of the respiration regulation in cardiac
cells not present in isolated mitochondria, showing that mechanisms
of the regulation of respiration and energy ﬂuxes in the cells are
system-level properties dependent on the multiple interactions of
mitochondria with cellular structures.Schemes 1–4.
Schemes 1 and 2 represent a system related to isolated heart mitochondrion. The respirator
mitochondrial inner membrane (MIM). Mitochondrial creatine kinase (MtCK) is depicted
attached to the inner membrane surface. In our experiments MtCK is activated by crea
phosphocreatine (PCr) and endogenous ADP. The ADP phosphorylation is visualized by r
produced by MtCK reaction forms a micro-domainwithin intermembrane space. The micro-c
or escape into the surrounding medium via voltage-dependent anion channel (VDAC) in th
In Scheme 2 the model is supplemented with ADP-trapping system consisting of pyruva
mitochondria to regenerate extramitochondrial ATP.
Scheme 3 represents mitochondrion in situ, in permeabilized cardiac cell, surrounded by cy
than in isolated mitochondrion, due to the interactions of VDAC with cytoskeleton proteins
ADP and inorganic phosphate (Pi). Mitochondrial (MtCK) and non-mitochondrial MM crea
presence of ATP, produce endogenous intra- and extramitochondrial ADP. Thus the oxidativ
ATPase reactions.
Scheme 4 represents system III supplemented with phosphoenolpyruvate (PEP) and py
intracellular ATP-consuming reactions and continuously regenerate extramitochondrial AT
within the IMS and is re-imported into the matrix via adenine nucleotide translocase (ANT
check the properties of this model in order to use it for complete MtCK kinetic analysis.2. Materials and methods
2.1. Experimental protocols
The principles of this study are illustrated by four schemes of
increasing complexity: Schemes 1 and 2 represent isolated mitochon-
drion as a reference system, and Schemes 3 and 4 illustrate
permeabilized cardiomyocyte chosen as experimental study model.
Experiments were performed ﬁrst without or with activated MtCK
reaction and then in the presence of ADP trapping system. This
system, consisting of phosphoenolpyruvate (PEP) and pyruvate kinase
(PK), traps extramitochondrial ADP produced by cytoplasmic isoforms
of creatine kinases (MMCK) and MgATPase reactions and subse-
quently regenerates extramitochondrial ATP. Endogenous intramito-
chondrial ADP produced by MtCK forms a micro-domain within the
intermembrane space (IMS) and is re-imported into the matrix via
ANT due to its functional coupling with MtCK. A series of experiments
were performed to check the properties of this model in order tomake
it useful for complete MtCK kinetic analysis.
2.2. Isolation of mitochondria from cardiac muscle
Heart mitochondria were isolated from adult white Wistar rats
300 g body weight, as described by Saks et al. [75]. The ﬁnal pellet
containing mitochondria was re-suspended in 1 ml of isolation
medium containing 300 mM sucrose, 10 mM HEPES, pH 7.2, and
0.2 mM EDTA and kept in ice for no longer than 3 h.
2.3. Isolation of adult cardiac myocytes
Adult cardiomyocytes were isolated after perfusion of the rat heart
with collagenase using the adaptation of the technique described
previously [52]. Isolated cells were re-suspended in 1–2 ml of
Mitomed solution [76] described below for respiration measurements
and stored on ice during measurements. Isolated cardiomyocytes
contained 70–90% of rod-like cells when observed under a light
microscope.
2.4. Permeabilization procedure
In order to study the kinetics of the regulation of mitochondrial
respiration in cardiomyocytes using different metabolites, the cell
sarcolemmawas permeabilized by saponin keeping themitochondrial
membranes intact [76,77]. The tests for intactness of the outer and
inner mitochondrial membranes are described in the Results section.
The permeabilization procedure was carried out directly in an
oxygraph chamber with 25 μg/ml saponin during 10 min before
starting the measurements of respiration rates at 25 °C and
continuous stirring. To study the role of cytoskeleton in the regulationy chain (RC) complexes, ATPsynthase (F1F0) and Pi carrier PIC are integrated within the
as an octamer [15,16], located in the mitochondrial inter-membrane space (IMS) and
tine (Cr) in the presence of ATP. The ﬁnal products of MtCK-forward reaction are
ecording the oxygen consumption. In Scheme 1 endogenous intramitochondrial ADP
ompartmentalized ADP can either enter into mitochondrial matrix for phosphorylation
e outer mitochondrial membrane (MOM).
te kinase (PK) and phosphoenolpyruvate (PEP). This system utilizes all ADP leaving
toskeleton proteins (depicted as “x” factor) and myoﬁbrils. The MOM is less permeable
. Exogenous ATP is hydrolyzed by cellular ATPases into endogenous extramitochondrial
tine kinases (cytosolic, myoﬁbrillar, SERCA, sarcolemmal), activated by creatine in the
e phosphorylation is controlled by endogenous ADP produced by the MtCK, MMCK and
ruvate kinase (PK). PEP–PK system removes extramitochondrial ADP produced by
P. Endogenous intramitochondrial ADP produced by MtCK forms microcompartments
) due to its functional coupling with MtCK. A series of experiments were performed to
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treated with 0.3 μM trypsin, added into the oxygraph chambers. After
6 min of incubation, trypsin activity was inhibited by 2 μM Soybean
trypsin inhibitor (STI) and 5 mg/ml fatty acid free BSA. Then the
experiment was continued using these disorganized cells.2.5. Measurements of oxygen consumption
The rates of oxygen uptake were determined with a high-
resolution respirometer Oxygraph-2K (OROBOROS Instruments, Aus-
tria) in Mitomed solution [76] containing 0.5 mM EGTA, 3 mMMgCl2,
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110 mM sucrose, 0.5 mM dithiothreitol (DTT), pH 7.1, 2 mg/ml fatty
acid free BSA, complemented with 5 mM glutamate and 2 mMmalate
as respiratory substrates.
Measurements were carried out at 25 °C; solubility of oxygen was
taken as 240 nmol/ml [78].
In kinetic experiments with different ﬁxed MgATP concentrations,
stock solution of 100 mM MgATP was prepared by mixing equimolar
amounts of MgCl2 and ATP; pH was adjusted to 7.2.
2.6. Measurements of mitochondrial cytochrome content
For comparative quantitative analysis of the kinetics of the
regulation of respiration in isolated mitochondria and permeabilized
cardiomyocytes, the respiration rates were expressed in nmol of
oxygen consumed per minute per nmol of cytochrome aa3, but not
per mg of protein (if not indicated differently). Cytochrome aa3
content in both cases is representative of respiratory chain, while
proteins contained in cardiomyocytes are not all present in
mitochondria. The contents of mitochondrial cytochrome aa3 in the
isolated mitochondria and cardiomyocytes were measured spectro-
photometrically according to the method described before [79,80].
The cells or mitochondria were solubilized with 1% of sodium
deoxycholate in phosphate buffer (100 mM KH2PO4, pH 8). The
differential spectrum (reduced by dithionite versus oxidized cyto-
chromes) was obtained by scanning from 400 to 650 nm using a Cary
50 Bio spectrophotometer (Varian, Palo Alto, USA) or Evolution 600
spectrophotometer (Thermo Electron Scientiﬁc Instruments, UK).Fig. 1. (A) Representative respiration traces of isolated mitochondria recorded using a tw
Austria). The left scale and the blue trace indicate the oxygen concentration (nmolO2 ml−1
uptake expressed in nmolO2 min−1 nmol−1cyt. aa3. The experiment was carried out in Mit
respiration rate (according to Chance) is achieved by adding 2 mM ADP. The integrity of the
8 μM cytochrome c and 30 μM atractyloside (Atr) respectively. Only samples with the respira
cytochrome c less than 7% were used for experiments. (B) Effect of ADP-trapping system
respiration is achieved 30 U/ml PK and 5 mM PEP are added. The PEP–PK system inhibits re
stimulate respiration.Cytochromes of the respiratory chain were reduced by addition of
several crystals of sodium dithionite to 1 ml of suspension of
mitochondria (4 mg/ml) or cardiomyocytes (2 mg/ml). The value of
peak at 605 nm was used for quantiﬁcation of respiratory chain
cytochrome aa3 contents (cytochrome c oxidase) both in isolated
mitochondria and cardiomyocytes, using the extinction coefﬁcient ɛ
value equal to 24 mM−1 cm−1 [80,81]. Protein concentrations were
determined using a BCA protein assay kit (Pierce, USA) as a standard.
2.7. Determination of the rate of PCr production in cardiomyocytes
in situ by ion pair HPLC/UPLC
Determination of the rates of PCr synthesis in permeabilized
cardiomyocytes in situ under conditions used in respirometry
experiments was carried out using ion pair HPLC/UPLC by stopping
the reaction typically at 3, 6 and 10 min. 100 μl aliquots of the
reaction mixture were withdrawn and added to a 200 μl ice-cold 1 M
HClO4 solution, immediately supplemented with 5 μl of 100 mM
EDTA and neutralized with 210 μl of 0.952 M KOH in 0.5–1 min. The
samples were held on ice for additional 10–15 min for proper
precipitate formation and centrifuged at 16,000 g and 4 °C for 2–
3 min. The supernatants were immediately frozen (−40 °C) and
analyzed within 5–6 h. Addition of EDTA (ﬁnal 1 mM) proved to be
useful in order to bind traces of Mg2+ to suppress any residual
enzyme (particularly adenylate kinase, unpublished observations)
activity and stabilize the preparations. Separations of Cr, PCr and
adenine nucleotides were performed by ultraperformance ion-pair
chromatography (UPLC) on a 2.1×100 mm ACQUITY UPLC HSS T3o-channel high resolution respirometer (Oroboros oxygraph 2k, Oroboros, Innsbruck,
) in the experimental milieu. The right scale and the red trace show the rate of oxygen
omed solution with 5 mM glutamate/2 mM malate as respiratory substrates. State 3 of
outer and inner mitochondrial membranes (MOM and MIM) was tested by addition of
tory control index (RCI=V3/V2) exceeding 7 and activation of respiration by exogenous
on respiration of isolated mitochondria stimulated by ATP. When the stable level of
spiration using all free ADP. Subsequent addition of ADP in increasing amounts did not
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optical density simultaneously at 210 nm and 254 nm for creatine
and PCr, and adenine nucleotides, respectively. Sample volumes of
10 μl were injected by autosampler. The mobile phase consisted of
buffer A (20 mM KH2PO4, 3 mM tetrabutylammonium bisulfate
(TBAS)) and buffer B (200 mM KH2PO4, 10% (v/v) acetonitrile,
0.3 mM TBAS), both adjusted to pH 5.0 with 2 M phosphoric acid
and ﬁltered through a 0.2 μm membrane ﬁlter. The elution was
performed at a ﬂow rate 0.4 ml/min in buffer A for 2 min followed
by 1:1 gradient elution with buffers A and B up to 8.5 min and
additionally with buffer B up to 10 min. After the analysis, the
column was re-equilibriated by washing for 1 min with water and
buffer A for 9 min thus resulting in total time for an analysis of
20 min. The column was periodically cleaned by washing with 80%
methanol. The retention time for the reagents were, in minutes, 0.63
(Cr), 1.70 (PCr), 6.33 (AMP, traces), 6.95 (ADP) and 7.29 (ATP), all
within ±0.01 min. Stock solutions for calibration (0.1 M) were
prepared in 0.2 M KH2PO4 at pH 7.0 and stored at −40 °C for not
more than 2–3 days in order to minimize PCr and ATP degradation.
Calibration solutions were prepared in supernatant solutions
obtained after addition and precipitation of cardiomyocytes as
described above.
2.8. Analysis of the steady state kinetics of the MtCK reaction coupled
to respiration
The steady state kinetics of MtCK reaction coupled to oxidative
phosphorylation via ANT in permeabilized cardiomyocytes in situ was
studied using the protocol shown in Scheme 4. Cardiac cells were
injected into an oxygraph chamber and permeabilized with 25 μg/ml
saponin by incubation for 10 min. Then respiration was activated by
addition of MgATP at different ﬁxed concentrations to initiate the
endogenous MgADP production by MgATPases. Then 20 U/ml PK and
5 mM PEP were added for the trapping of MgADP and ATP
regeneration. This signiﬁcantly reduced the respiration rate. Then
the MtCK reaction was activated by adding creatine in increasing
concentrations. Under these conditions steady state kinetics of
respiration follows the kinetics of MtCK reaction. For kinetic analyses
only the respiration rates dependent on creatine were used; these
rates were found by subtraction of the respiration rates after PK–PEP
addition in the absence of creatine from the total respiration rates
measured in the presence of ATP and creatine. Because of the constant
PCr/O2 ratio found in the experiments (see Results section), theScheme 5. The kinetic mechsteady state reaction rates were expressed as VO2, since the main aim
was to study the kinetics of the regulation of respiration dependent on
MtCK. These rates can be easily converted into the MtCK reaction rates
by using this PCr/O ratio according to the equation VCK=5.7 VO2.
Experimental datawere analyzed by applying themethod of complete
kinetic analysis of MtCK reaction described earlier for isolated
mitochondria by W. Jacobus and V. Saks [82]. The methods of
complete kinetic analysis of the creatine kinase reaction [75,83] are
following. According to Cleland classiﬁcation, the creatine kinase
reaction mechanism is Bi-Bi random quasi-equilibrium type [83] (see
Scheme 5).
Scheme 5 shows the interconversion of productive ternary enzyme–
substrate (CK·Cr·MgATP) and enzyme–product (CK·PCr·MgADP)
complexes in the presence of MgATP2−, MgADP-, creatine and phos-
phocreatine. Kia, Kib, Kiq, and Kip are the constants of dissociation from
the binary and Ka, Kb, Kq, and Kp from the ternary complexes with
creatine kinase. k1 and k−1are the rate constants of the forward and
reverse reactions. The dead-end ternary complexes CK·MgATP·PCr
and CK·MgADP·Cr are abortive complexes limiting enzyme activity
[75].
Dissociation constants for MgATP Kia, Ka and for Cr Kib, Kb from
their binary and ternary complexes with MtCK are:
Kia =
CK½  · MgATP½ 
CK · MgATP½  ; Kb =
CK · MgATP½  · Cr½ 
CK · Cr · MgATP½  ; Kib =
CK½  · Cr½ 
CK · Cr½  ;
Ka =
CK · Cr½  · MgATP½ 
CK · Cr · MgATP½  : ð1Þ
The limiting effect of the ﬁnal product MgADP accumulation was
avoided in experiments by using ATP regeneration system: oxidative
phosphorylation or/and PEP–PK system. To study the kinetic
properties of MtCK in situ, in the permeabilized cardiomyocytes,
several conditions have to be fulﬁlled: ﬁrstly, MtCK must totally
control oxidative phosphorylation, secondly, MgADP produced by
MtCK should be compartmentalized within the intermembrane
space without leaking into extramitochondrial medium but taken
back by ANT into mitochondrial matrix. This has been shown to be
the case in well-prepared cardiomyocytes with the content of rod-
like Ca-tolerant cells higher than 70–90% and stable after permea-
bilization procedure. The last condition is to exclude maximally the
stimulatory effect of extramitochondrial ADP on oxidative phos-
phorylation, and that was achieved by adding at least 20 U/ml of PK
with 5 mM PEP.anism of MtCK reaction.
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The rate of forward CK reaction in the presence of MgATP and
creatine is deﬁned by Eq. (2) if the formation of dead-end complexes
is ignored:
v =
Vm · MgATP½  · Cr½ 
KiaKb + Kb MgATP½  + Ka Cr½  + MgATP½  · Cr½ 
: ð2Þ
Primary analysis of data derived from Eq. (2) in double-reciprocal
coordinates of 1/v versus 1/[S] is:
1
v
=
Kb
Vm
Kia
MgATP½  + 1
  
1
Cr½  +
1
Vm
Ka
MgATP½  + 1
 
ð3Þ
for ﬁxed [MgATP] and varying [Cr],and:
1
v
=
Ka
Vm
Kib
Cr½  + 1
  
1
MgATP½  +
1
Vm
Kb
Cr½  + 1
 
ð4Þ
for ﬁxed [Cr] and varying [MgATP].
This primary analysis provides the values of ordinate intercepts (i1,
i2) and slopes (s1, s2) for secondary analysis (Eqs. (5) and (6)).
i1 =
1
Vm
Ka
MgATP½  + 1
 
; s1 =
Kb
Vm
Kia
MgATP½  + 1
 
ð5Þ
i2 =
1
Vm
Kb
Cr½  + 1
 
; s2 =
Ka
Vm
Kib
Cr½  + 1
 
: ð6Þ
By replotting the estimated regression parameters as functions of
secondary substrates, one can obtain the values of dissociation
constants for MgATP (Kia and Ka,) and creatine (Kib and Kb) from
their binary and ternary complexes with MtCK.
At i1=0 and i2=0 the values for Kb and Ka, are acquired. Constants
Kib and Kia are obtained in the case of s1=0 and s2=0.
2.8.2. Product inhibition of MtCK by PCr
For the reaction in the presence of PCr the total enzyme exists in
ﬁve forms.
CK½ t = CK½  + CK · MgATP½  + CK · Cr½  + CK · MgATP · Cr½ 
+ CK · PCr½ : ð7Þ
Again, the formation of the dead-end complex CK·MgATP·PCr is
ignored because of its very high dissociation constant [75]. The rate
of the forward reaction in this case is deﬁned by Eq. (8), where Kip is
the dissociation constant (Eq. (9)) from its binary complex with
MtCK.
v =
Vm · MgATP½  · Cr½ 
KiaKb + Kb MgATP½  + Ka Cr½  +
PCr½ KiaKb
Kip
+ MgATP½  · Cr½ 
ð8Þ
Kip =
PCr½  · CK½ 
CK · PCr½  : ð9Þ
The slopes s1 of the series of straight lines, obtained from double
reciprocal coordinates 1/v versus 1/[Cr] at varying [PCr] and [MgATP]
concentrations are analyzed by Eq. (10).
s3 =
KiaKb
Vm
1 +
PCr½ 
Kip
 !
1
MgATP½  +
Kb
Vm
: ð10Þ
By plotting the resulting slopes s(s3) versus [PCr], according to Eq.
(11), abscissa intercept directly provides the value of −Kip.
s s3ð Þ =
KiaKb
Vm
+
KiaKb
Vm
PCr½ 
Kip
: ð11Þ2.9. Data analysis
All data are presented as mean±SEM. Statistical analysis were
performed using Student's t-test and pb0.05 was taken as the level of
signiﬁcance.
2.10. Reagents
Ethylene glycol-bis(2-aminoethyl)-N,N,N′,N′ether-tetraacetic acid
(EGTA), lactobionic acid, 1,4-dithio-DL-threitol (DDT), imidazole,
potassium dihydrogen phosphate (KH2PO4), 2-aminoethanesulfonic
acid (taurine), 2-morpholinoethanesulfonic acid monohydrate (MES),
L(−)-malic acid, L-glutamic acid and creatine monohydrate, tetra-
butylammonium bisulfate (TBAS)—Fluka; magnesium chloride
(MgCl2), calcium chloride (CaCl2), sodium bicarbonate (NaHCO3),
potassium chloride (KCl), sodium chloride (NaCl), glucose, sucrose
(cell culture tested) HEPES, BES pyruvate, BES, Mg acetate—Sigma;
Na2-ATP, leupeptine collagenase A, blendzyme 1, albumin, from
bovine serum, essentially fatty acid free (BSA), STI, phosphocreatine
disodium salt (PCr)—Roche.
3. Results
3.1. Reference systems I and II: regulation of respiration by MtCK in
isolated mitochondria in the absence and presence of PEP–PK
Fig. 1A shows a recording of oxygen consumption by isolated
heart mitochondria used in this work as a reference system for
comparison with permeabilized cardiomyocytes. Addition of ADP in a
saturating concentration of 2 mM to isolated mitochondria induced
State 3 high respiration rate. The respiratory control index (RCI)
usually exceeded 7 (Fig. 1A). Addition of exogenous cytochrome c
only slightly increased the respiration rate showing the intactness of
the outer mitochondrial membrane, and addition of atractyloside
decreased the respiration rate close to the State 2 value showing the
intactness of the inner mitochondrial membrane [76,77]. These
characteristics show the quality of isolated mitochondrial prepara-
tion needed for kinetic analysis. Fig. 1B shows the experimental test
of the ADP trapping power of the PEP–PK system. In the presence of
such a system, exogenous ADP has no effect on respiration, since all
added ADP is rapidly consumed by PEP–PK. However, when
respiration of isolated heart mitochondria was stimulated by creatine
in the presence of ATP (i.e. MtCK was activated), addition of PK and
PEP decreases respiration rate only about 50% of its maximal value
(Fig. 2A). The remnant rate of respiration (up to 50% of VO2max) was
due to the functional coupling between MtCK and ANT with the
direct transfer of ADP into the matrix. Gellerich et al. [84–87] have
proposed the hypothesis of the dynamic compartmentation of ADP
in the mitochondrial intermembrane space, according to which ADP
concentration gradients across the outer mitochondrial membrane
may explain the respiration stimulated by creatine in the presence of
the PEP–PK system. However, Vendelin et al. [8] showed by applying
mathematical modelling that the direct ATP transfer between ANT
and MtCK is more important for respiratory control by creatine in
isolated mitochondria than the dynamic ADP compartmentation
proposed by Gellerich [66]. Fig. 2B shows the kinetics of activation of
respiration in isolated heart mitochondria by addition of increasing
amounts of creatine up to 20 mM in the presence of ATP and ADP-
trapping PEP–PK system. Again not more than 50% of Vmax can be
reached in this experiment due to the functional coupling of MtCK
with ANT. That means that at least 50% of ADP produced locally by
MtCK is accessible for the extramitochondrial PEP–PK system due to
high permeability of VDAC for adenine nucleotides in isolated
mitochondria, in accordance with classical data from Klingenberg's
[88] and Colombini's laboratories [89]. At the same time, stimulation
of respiration up to 50% of Vmax by creatine in the presence of PEP–
Fig. 2. (A) Stable respiration rate supported byMtCK activity in the presence of ATP and creatine. Under these conditions, approximately 50% of ADP, produced in the intermembrane
space, can be trapped by powerful the PEP–PK system. The respiration is not completely inhibited because of the presence of direct ADP transfer fromMtCK to ANT. (B) The kinetics of
activation of respiration in isolated mitochondria stimulated by increasing amounts of creatine in the presence of ATP (i.e. activated MtCK reaction) and the absence of
extramitochondrial ADP, which is efﬁciently consumed by the PEP–PK reaction.
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MtCK and ANT.
3.2. Regulation of respiration in experimental system III—permeabilized
cardiac cells without PEP–PK
Regular quality tests for isolated cardiomyocytes used in this work
were similar to those reported for isolatedmitochondria in Fig.1A. The
effect of the addition of exogenous cytochrome c on State 3 respiration
was absent showing the intactness of MOM. Only preparations with
these characteristics were used in the experiments reported in this
work.
Table 1 summarizes the respiratory parameters of the isolated
mitochondria and isolated cardiomyocytes. As it can be seen from
Table 1, maximal respiration rates are equal to both isolated
mitochondria and cardiomyocytes if calculated per nmol of cyto-
chrome aa3. Expressed in this way, the kinetic data reported in this
workmay be easily used for the quantitative analysis by mathematical
modelling in the future.Table 1
Basic respiration parameters of isolated rat heart mitochondria and of mitochondria in
situ in permeabilized cardiomyocytes.
Parameter Mitochondria
in vitro
Mitochondria in situ
(permeabilized
cardiomyocytes)
V0, nmolO2 min−1 mg prot−1 26.37±7.93 7.53±1.61
V3 (2 mM ADP), nmolO2 min−1 mg prot−1 187.94±40.68 84.45±13.85
[Cyt aa3], nmol mg prot−1 1.00±0.012 0.46±0.09
V3 (2 mM ADP), nmolO2 min−1 nmol cyt aa3−1 187.94±40.68 178.23±33.96
VCr,ATP, nmolO2 min−1 nmol cyt aa3−1 197.90±31.86 162.63±26.87
V0—respiration rate in State 2 in the presence of substrates before addition of ADP or
ATP.
V3—respiration rate in the presence of 2 mM ADP.
VCr,ATP—respiration rate in the presence of activated MtCK by 2 mM ATP and 20 mM
creatine.In cells in vivo, endogenous ADP may be produced in MgATPase
and in creatine kinase (MtCK and MMCK) reactions from ATP (see
Scheme 3). In this scheme exogenous ATP added to permeabilized
cardiomyocytes is hydrolyzed by cellular ATPases with the formation
of endogenous extramitochondrial ADP which subsequently stimu-
lates mitochondrial respiration. The apparent kinetics of activation of
respiration by exogenous MgATP evidently follows the kinetics of
activation of cellular ATPases by this substrate and is shown in Fig. 3A.
In the absence of creatine, the apparent Km (Kmapp) for exogenous
MgATP is 157.75±40.06 μM. In the presence of creatine the Kmapp for
MgATP decreases to 24.89±0.81 μM (Fig. 3A). Almost maximum
activation of respiration in the presence of creatine and signiﬁcant
decrease of apparent Km for MgATP under these conditions are related
to the control of respiration by both intramitochondrial ADP locally
produced in the MtCK reaction and extramitochondrial ADP produced
in MMCK in MgATPases reactions. Functional coupling of MtCK with
ANT is a powerful ampliﬁcation mechanism of a regulatory ADP
metabolic signal from cytoplasm, due to a manifold increase of ADP
and ATP recycling rate in mitochondria. In the presence of bothMgATP
and creatine one can see the overall effects of all these mechanisms.
3.3. Regulation of respiration in experimental system IV—permeabilized
cardiac cells supplemented with PEP–PK
To study the role of the coupled MtCK alone in the regulation of
respiration in situ in the cells, the stimulatory effect of extramito-
chondrial ADP produced by MgATPases and MMCK can be extin-
guished by the PEP–PK system (Scheme 4). Remarkably, addition of
the PEP–PK systemhelps to simulate the in vivo conditions in the cells,
where the glycolytic system always is present and by consuming ADP
competes with mitochondrial respiration. An interesting and impor-
tant ﬁnding in these experiments was the fact that in the presence of
fully activatedMtCK the addition of competitive ADP-trapping PEP–PK
system could not inhibit the mitochondrial respiration in permeabi-
lized cardiac cells in situ (Fig. 3B), in contrast with the isolated
Fig. 3. (A) Rates of mitochondrial respiration in permeabilized cardiomyocytes as function of added exogenous MgATP in absence and in presence of 20 mM of creatine. After
permeabilization, respiration rates were recorded after addition of different amounts of MgATP in absence and presence of creatine. Manifold increase in Vmax and decrease in the
apparent Km for ATP in the presence of 20 mM creatine (i.e. under conditions of activatedMtCK) is seen. (B) Full compartmentalization of intramitochondrial ADP produced byMtCK
in the intermembrane space of mitochondria in permeabilized cardiomyocytes in situ. Instead of 2 mM ADP, respiration was activated by addition of MgATP (5 mM) and creatine
(20 mM). Addition of PK in the presence of PEP (5 mM added into medium before) did not change signiﬁcantly the respiration rate. In mitochondria in situ when respiration is
controlled by the MtCK reaction, the powerful PEP–PK system is not able to inhibit respiration. The permeability of VDAC for ADP seems strongly decreased. (C) Proteolytic treatment
of permeabilized cardiomyocytes eliminates the diffusion restrictions for endogenously produced ADP. Note, that after the treatment of isolated cardiomyocytes with trypsin in low
concentration (0.3 μM) ADP becomes accessible to the PEP–PK trapping system. Rate of respiration in the presence of activated MtCK (by creatine and ATP) is due to the channelling
of some part of ADP from MtCK to ANT within intermembrane space (see Fig. 2A).
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mitochondria in situ stimulated by 20 mM creatine and 5 mMMgATP
did not decrease after addition of 10 U/ml PK in spite of the fact that
the extramitochondrial ADP must have been signiﬁcantly reduced.
Under these conditions respiration is fully maintained by intrami-
tochondrial ADP produced in MtCK reaction, which is not accessible
for the PEP–PK system. In vivo and in situ the mitochondrial outer
membrane in cardiomyocyte is most probably not easily permeable
for ADP which is mainly transported by ANT back into the matrix for
subsequent rephosphorylation (see Scheme 4). However, aftertreatment of permeabilized cardiomyocytes with trypsin, compart-
mentalized in the intermembrane space ADP becomes accessible for
the PEP–PK system (Fig. 3C). In these experiments, cardiomyocytes
were incubated in an oxygraph chamber in solution supplemented
with trypsin (0.3 μM). After 6 min trypsin was inhibited by STI+ BSA,
and mitochondrial respiration was stimulated by addition of 2 mM
ATP and 20 mM creatine. The PK and PEP added under these
conditions inhibit respiration by trapping almost all extramitochon-
drial ADP and a signiﬁcant part of ADP produced by MtCK. A similar
effect was observed in isolated mitochondria (Fig. 2A). These results
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MtCK in mitochondrial intermembrane space is not easily accessible
for PEP–PK, most probably due to decreased permeability of VDAC in
the mitochondrial outer membrane. The decrease of VDAC perme-
ability for adenine nucleotides in mitochondria in situ as compared
with mitochondria in vitro is caused probably by its interaction with
cytoskeleton proteins [90–93], sensitive to trypsin treatment. Activa-
tion of respiration under these conditions directly follows the
activation of MtCK by its substrates and the respiration rates can be
used to study the steady state kinetics of MtCK activation by its
substrates (MgATP and creatine). The micro-compartmentation of all
intramitochondrial ADP produced by theMtCK reaction in the absence
of its leak toward the extramitochondrial space is one of the most
important properties of our experimental model—permeabilized
cardiomyocyte (Scheme 4).
3.4. Regulation of respiration in experimental system IV—MtCK
kinetic analysis
Such characteristics of permeabilized intact cardiomyocytes as
completemicro-compartmentation of ADP produced inMtCK reaction
in situ, the functional coupling of MtCK with ANT, and signiﬁcant
elimination of the stimulatory effect of extramitochondrial ADP by the
PEP–PK system, has led us to elaborate the experimental protocol for
studying in situ the role of MtCK in the regulation of mitochondrial
respiration described in Materials and methods. The experimental
protocol is shown in Fig. 4 and its principles are illustrated by Scheme
4. First, after permeabilization, mitochondrial respiration is stimulated
by the addition of 2 mM ATP which is hydrolyzed by cellular ATPases
with production of endogenous ADP. Secondly, when the stable level
of respiration is achieved, the adequate quantity of PK and PEP are
added to maximally uptake all free ADP and regenerate extramito-
chondrial ATP. Thus, the stable level of extramitochondrial ATP is
maintained. Finally, the MtCK reaction is activated by increasing the
amounts of creatine. As a result, oxidative phosphorylation is
stimulated only by intramitochondrial ADP produced by the MtCK
reaction (Fig. 4). To study the role of this ADP in the regulation of
oxidative phosphorylation, we subtracted the oxygen consumption
rate under PEP–PK (VO2PK) before creatine addition from creatine-
stimulated respiration rate (VO2Cr).
This is the complete and the most precise protocol for studies of
the MtCK functions in situ in permeabilized cells. Fig. 4 shows that the
respiration rate determined by this protocol is very sensitive to
changes in creatine concentration. It rapidly increases in response to
the addition of creatine in rather low concentrations, 1–3 mM. To
understand the reason for this high sensitivity to creatine, weFig. 4. The experimental procedure used for complete kinetic analysis of MtCK in mitochondr
MgATP after permeabilization of cardiomyocytes by saponin inducing production of endog
extramitochondrial free ADP. This decreases the respiration rate, but not to initial level, due t
position to trap some of endogenous ADP. Under this conditions addition of creatine in differe
by intramitochondrial ADP, produced by MtCK reaction, which is not accessible for PEP–PKperformed the complete kinetic analysis of MtCK reaction under
these conditions using different ﬁxed concentrations of MgATP (0.5 to
10 mM) and varying creatine concentrations (1 to 10 mM). Graphical
presentation of creatine activated respiration rates (VO2) in function
of varying concentrations of creatine and ﬁxed MgATP and vice versa:
in function of varying [MgATP] and ﬁxed [Cr] are shown in Figs. 5A
and 6A, respectively. The primary analysis of data in double
reciprocal plots (1/V as a function of 1/[S]) according to Eqs. (3)
and (4) are represented in Figs. 5B and 6B. This linearization gives
the family of straight lines with one common point of interception,
corresponding to the kinetic behaviour of the Bi-Bi random type
quasi equilibrium reaction mechanism of creatine kinase (Figs. 5B
and 6B). This primary analysis of kinetic data gives us values of
ordinate intercepts and slopes for secondary linearization according
to Eqs. (5) and (6) (Figs. 5C and 6C), which provides the dissociation
constants for MgATP and creatine from their binary and ternary
complexes with MtCK (Table 2).
This complete kinetic analysis of the MtCK reaction in cardio-
myocytes in situ provides results remarkably different from MtCK
kinetic properties of isolated mitochondria reported before. The
kinetic analysis of the MtCK reaction of isolated mitochondria was
performed applying the protocol described by Jacobus and Saks in
1982 and have been described in several previous publications
[12,80,82,94]. The apparent constant of dissociation for MgATP from
its binary complex with MtCK (Kia) is 4 times higher (from 0.44±
0.08 to 1.94±0.86 mM) and from ternary complex (Ka) is 100 times
higher (from 0.016±0.01 to 2.04±0.14 mM) in mitochondria in situ
than one in vitro. These data evidence strong decrease of mitochon-
drial afﬁnity for free MgATP added into the medium, suggesting
signiﬁcant restriction of ATP diffusion in some local areas in
cardiomyocytes, most probably at the level of MOM. On the other
hand, we observed a strong decrease of the apparent constant of
dissociation for creatine in situ. The Kib for creatine (binary MtCK–
substrate complex) was 15 times lower (from 28±7 to 2.12±
0.21 mM) and KbCr −2.5 times lower (from 5.0±1.2 to 2.17±
0.40 mM) than in isolated mitochondria. These results show
increased apparent afﬁnity of MtCK in mitochondria in situ for
creatine. Table 2 shows also the maximal steady state rates expressed
as the maximal creatine-stimulated respiration rates. The rates of PCr
production can be calculated from these respiration rates by using
the PCr/O2 ratio (see below). The maximal steady state rate of PCr
production in isolated mitochondria calculated in this way is
1.1 μmol·min−1·nmol cyt. aa3−1 that is practically equal to the
activity of MtCK measured in the direction of PCr production at
saturating substrates' concentrations, and to the maximal activity of
ATP synthesis reaction [75,95,96]. For cardiomyocytes, this rateia in situ (permeabilized cardiomyocyte). First, the respiration is activated by addition of
enous ADP in MgATPase reaction (Schemes 3 and 4). Then PEP–PK is added to trap all
o structural organization of ICEU (see Schemes 3 and 4). Mitochondria are in privileged
nt amounts activatesMtCK reaction. The oxidative phosphorylation is stimulatedmostly
.
Fig. 5. (A) The rates of creatine activated respiration of permeabilized cardiomyocytes
as functions of varying creatine concentrations at ﬁxed MgATP concentrations. The
respiration rates (VO2) were calculated by subtraction of oxygen consumption rates in
the presence of PEP–PK (VO2PK) from the creatine activated respiration rates (VO2Cr)
(VO2=VO2Cr−VO2PK), (see Fig. 4 right panel). (B) The primary analysis of data (A) in
double reciprocal coordinates of 1/v (1/respiration rate) versus 1/[Cr] (substrate with
varying concentration) for different ﬁxed MgATP concentration. (C) The secondary
analysis of the primary plots from panel B. Slopes (s) and intercepts of y-axis (i) are
plotted as a function of reciprocal coordinate of secondary substrate MgATP. The
intercepts of x-axis provide directly the reciprocal values of dissociation constants of
MgATP (Kia and Ka) from the binary and ternary complexes of MtCK.
Fig. 6. (A) The rates of creatine activated respiration of permeabilized cardiomyocytes
as functions of varying MgATP concentrations at ﬁxed creatine concentrations. The
respiration rates (VO2) were calculated by subtraction of oxygen consumption rates in
the presence of PEP–PK (VO2PK) from the creatine activated respiration rates (VO2Cr)
(VO2=VO2Cr−VO2PK), (see Fig. 4 right panel). (B) The primary analysis of data (A) in
double reciprocal coordinates of 1/v (1/respiration rate) versus 1/[MgATP] (substrate
with varying concentration) for different ﬁxed creatines concentration. (C) The
secondary analysis of the primary plots from panel B. Slopes (s) and intercepts of y-
axis (i) are plotted as a function of reciprocal coordinate of secondary substrate creatine.
The intercepts of x-axis provide directly the reciprocal values of dissociation constants
of creatine (Kib and Kb) from the binary and ternary complexes of MtCK.
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experimental system IV—MtCK kinetic analysis) is 0.51±0.04 μmol
min−1 mg−1protein or again 1.1 μmol min−1 nmol cyt. aa3−1. That
means that MtCK reaction coupled to ANT functions in steady statefar from equilibrium, in good agreement with the results of
mathematical modelling of this coupling [97] and conﬁrmed by
direct measurements with 31P NMR inversion transfer technique [98].
Table 2
Apparent kinetic constants of rat heart mitochondrial creatine kinase (MtCK) in mitochondria in vitro and in situ in permeabilized cardiomyocytes.
KiaMgATP (mM) KaMgATP (mM) Kib Cr (mM) Kb Cr (mM) Vmax Kip (mM)
Mitoch. in vitro⁎ 0.44±0.08 0.016±0.01 28±7 5±1.2 187.9±40 0.84±0.22
Mitoch. in situ (with PEP–PK) 1.94±0.86 2.04±0.14 2.12±0.21 2.17±0.40 161.65±11.38 0.89±0.17
KiaMgATP and KaMgATP—constants of dissociation of MgATP from its binary (Kia) and ternary (Ka) complexes with mitochondrial creatine kinase (MtCK). KibCr and KbCr—constants
of dissociation of creatine from its binary (Kib) and ternary (Kb) complexes with MtCK. Kip—constant of dissociation of phosphocreatine from its binary (Kip) complex with
MtCK. Vmax—maximal oxygen consumption rates in nmol O2/min/nmol cyt. aa3 corresponding to the State 3 of respiration.
⁎ Kinetic constants for isolated mitochondria are taken from references [12], [80] and [82].
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III and IV—the respiration rate in permeabilized cardiomyocytes in the
presence of 10 mM creatine as a function of exogenous MgATP
without and with added PEP–PK system. The data for these conditions
were taken from Figs. 3A and 6A and their comparison is shown in
Fig. 7. The PEP–PK system very strongly changes the kinetics from
high apparent afﬁnity to low apparent afﬁnity for MgATP. In the case
of system III there is the production of endogenous MgADP by
MgATPases and extramitochondrial CK reactions; in the case of
system IV the MgADP is trapped and respiration maintained only by
mitochondrial MtCK reaction in the intermembrane space of
mitochondria. An interesting observation was that pre-incubation
with PK, before the addition of creatine, (see Fig. 3B) was needed to
see the difference between systems III and IV—most probably this
time was needed to allow penetration of PK molecules into the
permeabilized cell interior and into the ICEUs. The presence of the
PEP–PK system did not change the kinetic parameters of soluble MM
creatine kinase (unpublished data). Therefore, the data in Fig. 7 show
the importance of small endogenous MgADP ﬂuxes from MgATPases
to mitochondria where their effect on respiration is manifoldly
ampliﬁed by the functionally coupled MtCK–ANT system. This is
consistent with earlier ﬁndings from our and Theo Wallimann's
laboratories showing high sensitivity of respiration of permeabilized
cells in the presence of creatine to endogenous MgADP ﬂuxes
induced by addition of exogenous MgATP [71,72,99]. Under these
conditions high respiration rates are observed when MgADP
concentration in the medium is very low [99].
3.5. Kinetics of respiration regulation in system IV in the presence of PCr
To study the apparent afﬁnity of MtCK in situ for PCr, we applied
the protocol illustrated in Fig. 4. Experiments described in Fig. 5Awere
repeated in the presence of different ﬁxed concentrations of PCr.Fig. 7. Summary of the kinetics of regulation of mitochondrial respiration in situ in
permeabilized cardiomyocytes by creatine in the presence of ATP without or with the
PEP–PK system. The curve solid lines represents rate of respiration stimulated by
endogenous ADP produced by ATPases from exogenous ATP and by creatine kinases via
in the presence of 20 mM creatine (from Fig. 3A). The curve with dotted line represents
rate of respiration stimulated by creatine via activatedMtCK, while the endogenous ADP
ﬂuxes are excluded by the PEP–PK system (from Fig. 6A).Phosphocreatine induced the decrease of respiration rate in a dose-
dependent way in both models: isolated mitochondria [82] and
permeabilized cardiomyocytes (Fig. 8). The primary and secondary
kinetic analyses according to Eqs. (10) and (11), presented in Fig. 8A
and B for cardiomyocytes, provide the value of dissociation constant
for PCr from the binary complex MtCK·PCr, Kip. Interestingly, the Kip
in isolated mitochondria and in mitochondria in situ are identical and
thus independent of the change in mitochondrial outer membrane
permeability; in both cases it was close to 0.9 mM (Table 2).
Decreased afﬁnity of MtCK for exogenous MgATP in situ may be
explained by the existence of strong restrictions of MgATP diffusion at
the level of mitochondrial outer membrane, or within ICEU structuresFig. 8. (A) Competitive inhibition of MtCK in permeabilized cardiomyocytes by
phosphocreatine. The slopes of straight lines obtained in double reciprocal plots of 1/v
versus 1/[MgATP] for 9 mM of creatine (see Fig. 6B) for three different pfosphocreatine
concentrations. (B) Secondary linearization of slopes of straight lines from panel A as a
function of concentration of PCr provides value of Kip (Eqs. 10 and 11 in Materials and
methods).
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(Kip) and decreased constant of dissociation for creatine (Kib and Kb)
evidence on the other hand the lack of these restrictions for creatine
and PCr. Therefore it was interesting and important to verify that PCr
produced by MtCK easily diffuses into cytoplasm. Therefore, we
measured directly the rate of PCr production in mitochondria and its
transfer into the cytoplasm (surrounding medium) under these
experimental conditions in the presence of creatine and the PEP–PK
system described in Fig. 4. Measurements were realised in the same
conditions as kinetic studies on respiration: i.e. activation of
mitochondrial respiration by the addition of creatine (20 mM) in
the presence of ﬁxed amounts of MgATP (5 mM) and the PEP–PK
system. The samples were taken 3, 6 and 10 min after activation of the
MtCK reaction by creatine. After the treatment described above (see
Materials and methods) the concentrations of ATP, PCr and creatine in
the medium were measured with UPLC. Concentrations of PCr
increase with time, while ATP concentrations stay always constant
(Fig. 9A). The PCr in cardiac cells can be produced by different
isoforms of creatine kinase. To ascertain which amount of PCr content
in the samples is of mitochondrial origin, the oxidative phosphoryla-Fig. 9. (A) The rate of phosphocreatine production by mitochondrial and cytoplasmic
creatine kinases in permeabilized non-inhibited cardiomyocytes (●). Analysis of samples
of reactionmixture taken at 3, 6 and 10 min after activation ofMtCK by creatine (20mM)
in permeabilized cardiomyocytes in the presence of MgATP (initially added to about
5 mM) and PEP (5 mM) and PK (20 U/ml) (see Fig. 4) were performed by using ion pair
HPLC/UPLC as described in Materials and methods. The ATP level, continuously
regenerated by the PEP–PK system, was stable during the experiment. When oxidative
phosphorylation is inhibited by rotenone (O), the PCr can be produced only by
cytoplasmic creatine kinases, MMCK. (B) The difference in phosphocreatine production
rates under conditions of activated and inhibited (by rotenone) respiratory chain
calculated from panel A. In separate experiments the oxygen consumption rates were
measured, the creatine activated respiration rate in these experiments was 0.088±
0.007 μmolO2 min−1 mg−1protein. These data give the ratio of PCr/O2= 5.7±0.7.tion was inhibited by 10 mM rotenone (Fig. 9A). The difference of the
rates of PCr synthesis in the absence and presence of rotenone is due
exclusively to the activation of mitochondrial synthesis of PCr in MtCK
reaction (Fig. 9B). From this rate and fromVO2 measured in the parallel
experiments, the PCr/O2 ratio can be calculated. The PCr/O2 ratio
allows to quantitatively evaluate the efﬁciency of free energy
conversion in the coupled MtCK–ANT-oxidative phosphorylation
reactions. The high value of PCr/O2 equal to 5.7±0.7 is remarkably
close to that found by Belitser and Tsybakova in 1939 and shows that
all mitochondrial ATP is rapidly used up for PCr synthesis which does
not accumulate in the intermembrane space but easily leaves
mitochondria. This means that the VDAC permeability is high for
PCr and changes selectively by mitochondrial–cytoskeleton interac-
tions for adenine nucleotides.
4. Discussion
The results of this study show very clearly that the mechanisms of
the regulation of mitochondrial respiration and energy ﬂuxes in the
cardiac cells are system-level properties dependent on the interaction
of mitochondria with intracellular structures and functional interac-
tions with metabolic systems including glycolysis, which are not
predictable on the basis of properties of isolated mitochondria only.
Cytoskeletal components like tubulin, and probably also desmin,
plectin and others which are responsible for regular arrangement of
mitochondria in cardiac cells and are sensitive to proteolysis most
probably control also the permeability of VDAC in MOM [91–93]. The
results of our study show that these proteins selectively limit the
VDAC permeability, decreasing it mostly for ATP and ADP but not for
creatine or phosphocreatine. Strongly decreased permeability of MOM
for adenine nucleotides signiﬁcantly enhances the functional coupling
between MtCK and ANT increasing the rate of recycling of ADP and
ATP in mitochondrial matrix-inner membrane space. Especially
interesting and important is the signiﬁcantly enhanced apparent
afﬁnity of MtCK for creatine in the cells in situ.
For some unknown reasons, numerous groups of investigators still
consistently insist on the validity of the concept of the creatine kinase
equilibrium in muscle cells which is taken as homogenous medium
[18–20,22,23,26,27,45–47,100,101] and support the point of view that
simple calculations of cytoplasmic ADP concentration and related
parameters such as free energy of ATP hydrolysis in homogeneous
intracellular medium are sufﬁcient to explain the mechanisms of
regulation of energy ﬂuxes in the cells [23,47]. However, there are
surprising and very obvious controversies in this point of view. It was
already mentioned above that under conditions of metabolic stability
the ADP concentration calculated from CK equilibrium is also constant,
while the rate of oxygen consumption changes [37]. The calculated
ADP concentration in resting heart cells is in the range of 50–100 μM
[102]. If mitochondria in the cells behave as they do in vitro and ADP
freely diffuses between cytoplasm and mitochondrial intermembrane
space, ANT with its apparent Km(ADP) around 10 μM [82] should be
always almost saturated and respiration rate in the resting state
almost maximal with glucose as substrate when Pi is also elevated
[103]. However this is not true; heart respiration rate in the resting
state is only 5% of Vmax [37]. Low respiration rate of the heart in the
resting state is well explained by decreased afﬁnity (increased
apparent Km) for cytoplasmic ADP measured in experiments with
permeabilized cells. This means that ADP diffusion across outer
mitochondrial membrane is rather limited. The results of current
study directly conﬁrm this conclusion: while in isolated mitochondria
the PEP–PK system decreases creatine-activated respiration rate by
about 50% (Fig. 2A), in permeabilized cardiomyocytes the effect of
PEP–PK is practically absent (Fig. 3B) but observed again after
selective proteolysis (Fig. 3C).
Thus, the results of this work and many others show that the
assumption of the creatine kinase equilibrium is an unnecessary
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production may occur in mitochondria with the rate close to maximal
activity of MtCK and ATP synthesis, and it has been shown in direct
measurements with 31P NMR inversion transfer that in different
cellular compartments in hearts the creatine kinase isoenzymes
function in steady state in the direction dependent on their location
and functional coupling either with oxidative phosphorylation via
ANT in mitochondria (as MtCK), or with MgATPases in myoﬁbrils and
cellular membranes (as MMCK bound to these structures) [98]. Only
in cytoplasmic compartment creatine kinase may approach quasi-
equilibrium in the resting state, especially in resting glycolytic
muscles with very high cytoplasmic CK activity. This conclusion is
conﬁrmed by the results of a mathematical model of compartmenta-
lized energy transfer for analysis of experimental data (see below).
4.1. Peculiarities of the kinetics of regulation of respiration coupled to the
MtCK reaction in mitochondria in situ
Classical works by Lardy and Wellman [105], Britton Chance
[106,107] and many others [24] have established that the rate of
mitochondrial respiration in isolated mitochondria in vitro is strictly
regulated by availability of ADP for ANT in the mitochondrial inner
membrane (MIM). In isolated mitochondria in vitro mitochondrial
outer membrane is permeable for metabolites with molecular mass
lower than 7 kDa due to the open state of the VDAC in MOM [88], and
the efﬁciency of the regulation of mitochondrial functions in vitro by
extramitochondrial ADP depending only upon the afﬁnity of ANT for
ADP, which is very high (the apparent Km for ADP is in the range of 10–
20 μM) [108].
However, in the cardiac andmany other cells in vivo, mitochondria
are involved in multiple structural interactions with other cellular
structures, and functional interactions with other metabolic systems,
such as the glycolytic system and cellular ATPases. All these
interactions play important roles in the regulation of mitochondrial
activities and energy ﬂuxes in the cells, resulting in appearance of
new, system-level properties. The interesting result is the strengthen-
ing of the role of functional coupling between MtCK and ANT in the
regulation of energy ﬂuxes and respiration.
Both the structure of MtCK and its interaction with ANT have been
studied by using isolated and puriﬁed enzymes or isolated mitochon-
dria. Classical studies by Theo Wallimann's group have given detailed
structure of CK including MtCK and direct localisation of octameric
MtCK close to ANT due to C-terminal ligand to cardiolipin negative
charges [15,109–112]. The respiratory control by creatine was ﬁrst
discovered by Bessman and Fonio [113], Jacobus and Lehninger [114]
and Vial [115]. All of these groups showed that in isolated heart
mitochondria in the presence of ATP creatine exerts acceptor control
of respiration by activating MtCK and supplying locally ADP for ANT.
Quantitative analysis of this phenomenon showed that oxidative
phosphorylation in mitochondria speciﬁcally accelerates the forward
creatine kinase reaction of phosphocreatine production leading to an
assumption of functional coupling between MtCK and ANT [75].
Jacobus and Saks have studied functional coupling between MtCK and
ANT in isolated heart mitochondria by kinetic methods [82]. Then, the
functional coupling has been shown repeatedly in kinetic [94] and
thermodynamic experiments [96], directly conﬁrmed by tracer and
other methods by many independent groups [116–118]. One of the
most important works was done by Barbour et al. who directly
showed, using radioactive ADP, the recycling of ADP and ATP due to
functional coupling of MtCK and ANT [116]. Bessman's laboratory
showed the interaction of mitochondrially bound creatine kinase with
oxidative phosphorylation by measuring the isotope incorporation
into newly synthesized ATP and PCr [117,118] and thus also conﬁrmed
the functional coupling of MtCK with ANT. Detachment of MtCK from
its binding site on mitochondrial membranes into intermembrane
space results in loss of the effects of oxidative phosphorylation on thekinetics of MtCK reaction even in the presence of intact MOM [94].
Monoclonal inhibitory antibodies against MtCK have been shown to
inhibit also the ADP/ATP exchange in mitoplasts [119]. Kim and Lee
[120] showed that isolated pig heart mitochondria can form
phosphocreatine continuously in the respiration medium without
externally added adenine nucleotides, due to rapid recycling of their
trace amounts in mitochondrial creatine kinase-oxidative phosphor-
ylating system functionally coupled via the action of the adenine
nucleotide translocase. Similar data were reported by Dolder et al.
[10]. The functional coupling of MtCK and ANT has been found to be
vital for protection of mitochondria from permeability transition pore
(PTP) opening and from production of reactive oxygen species, ROS.
Dolder et al. showed in experiments with the transgenic liver-MtCK
mice that mitochondria are protected from PTP opening via functional
coupling of the MtCK reaction to oxidative phosphorylation [10].
Meyer et al. demonstrated that in the presence of creatine, MtCK
coupled to ANT increases recycling of adenine nucleotides in
mitochondria, accelerates respiration, thus diminishing the reduced
state of electron carriers and production of oxygen radicals, ROS, that
are further converted to H2O2 by superoxide dismutase [121]. All these
multiple works from different laboratories show the tight functional
coupling of MtCK and ANT in heart and skeletal mitochondria. Similar
coupling exists in brain mitochondria [80]. Vendelin et al. applying
mathematical modelling, analyzed in details the mechanism of this
functional coupling, showing that the direct ATP transfer from ANT to
MtCK is more important for accelerated PCr production and
respiratory control than dynamic ADP compartmentation in the
intermembrane space proposed by Gellerich [8,85,86]. However, in
cells in vivo this dynamic compartmentation of ADP may become an
important additional factor of functional coupling between MtCK and
ANT due to interaction of MOM with cytoskeletal elements which
selectively limit VDAC permeability in cells in situ [91]. Numerous
laboratories have recorded manifold differences in mitochondrial
apparent afﬁnity for free exogenous ADP in vitro (Kmapp for free ADP
∼10 μM), in permeabilized cardiomyocytes in situ (Kmapp ∼350 μM) and
in cardiomyocytes pre-treated with trypsin (Kmapp ∼70–100 μM) [50–
53,55–65,77]. In the reconstituted complete system of mitochondria
in situ in cardiac permeabilized cells complemented with glycolytic
ADP-trapping system (Scheme 4) the apparent kinetics of the MtCK
dependent respiration regulation is totally different from that seen in
mitochondria in vitro. In fact, there are two remarkable differences.
The ﬁrst is the decrease in apparent afﬁnity of MtCK for exogenous
MgATP (apparent Ka increased more than 100 times, Table 2) in
mitochondria in situ as compared to in vitro, most probably due the
enhanced restriction of MgATP diffusion within organized structures
of intracellular energetic units, ICEUs, most probably locally at the
level of MOM. Due to the control of VDAC permeability by
cytoskeleton, apparent afﬁnity of MtCK to exogenous (cytoplasmic)
MgATP is strongly decreased. In vivo the elements of cytoskeleton,
most probably tubulin and some other proteins of this network, limit
VDAC permeability. Rostovtseva et al., showed very recently that
dimeric tubulin in nanomolar concentrations induce highly voltage
sensible reversible closure of VDAC reconstituted into planar
phospholipid membrane [92,93]. Added to isolated brain or heart
mitochondria tubulin induces decrease of apparent afﬁnity of ANT for
free ADP (increase of the Kmapp ADP from ∼10 μM to ∼169 μM for
isolated brain mitochondria and for sample supplemented with
tubulin respectively) [80,92,93]. Strong diffusion restriction at the
level of MOM in vivo increases the effective adenine nucleotides
micro-compartmentation within intermembrane space and inﬂu-
ences the respiratory control of oxidative phosphorylation.
Diffusion restrictions for ATP in permeabilized cardiac ﬁbers have
been registered also by Ventura-Clapier's group in studies of calcium
uptake by sarcoplasmic reticulum (SR): they found that this uptake
was much more effective when supported by mitochondrial oxidative
phosphorylation or by PCr than in the presence of exogenous ATP
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nucleotides into some important areas of ICEUs. In their experimental
protocol SR were preloaded by calcium during 5 min period of
preincubations and caffeine-induced release of calcium seen as
contraction transients were measured [122]. Since both parameters
depend on local ATP/ADP ratios, both different rates of ADP removal
and ATP supply in these local areas explain these results. The authors
concluded by comparing the results of separate experiments with
oxidative phosphorylation and exogenous ATP that ATP ﬂuxes from
mitochondria are equal to ﬂuxes of PCr in energy supply to cytoplasm
[122]. However, the kinetic studies of ATP ﬂuxes were not performed
in these works. These ﬂuxes were measured in the present study as
described in Fig. 9, and the measured PCr/O2 ratio equal to 5.7 leaves
little room for ATP ﬂuxes in energy supply into cytoplasm in the
presence of creatine when MtCK coupled to ANT is activated.
The second remarkable difference observed in this work is that
apparent constant of dissociation of creatine from the binary complex
with MtCK (Kib) decreases about 10 times in mitochondria in situ, in
permeabilized cardiomyocytes, as compared with isolated mitochon-
dria (Table 2). At the same time, the apparent afﬁnity of MtCK for
phosphocreatine is similar in vitro and in situ (Kip is about 2 mM,
Table 2). Thus, there is no diffusion restriction for diffusion of these
guanidino substrates across MOM into intermembrane space where
MtCK is located. The remarkably high afﬁnity of MtCK inmitochondria
in situ for creatine may be a result of speciﬁc conformational state of
the enzyme dependent of both conﬁguration of cristae surface where
MtCK is localized, and ATP supply by ANT. Recently Hornikova et al.
have shown the importance of the binding of MM–CK to myoﬁbrils for
maintaining active conformation the presence of substrates [123]. The
substrate-induced conformational changes are required in order to
bring the substrates closer to each other for spontaneous catalysis
[123]. We may assume that similar conformation changes may occur
also in theMtCK in situ resulting in increased afﬁnity for creatinewhen
MtCK is continuously supplied by mitochondrially produced ATP.
Vendelin et al. found that functional coupling of MtCK to ANT changes
signiﬁcantly the free energy proﬁle of the MtCK reaction [8]. The
precise mechanism of this important phenomenon needs, however,
further detailed study by FRET and other available new methods.
As a result, creatine becomes one of the main regulators of the rate
of coupled MtCK–oxidative phosphorylation reactions and of ADP/
ATP turnover in mitochondria in cardiac cells in vivo, resulting in
effective production of PCr. High PCr/O2= 5.7 ratio found in
experiments with permeabilized cells shows that all mitochondrially
produced ATP is rapidly used up for PCr synthesis which easily leaves
mitochondria (Fig. 9B). These results conform to the now commonly
accepted theory of the role of PCr/CK phosphotransfer system [5–
9,11,12,14–16,70,124,125] as the main pathway of energy transfer and
feedback metabolic communication between mitochondria and
cytoplasm in heart cells and further conﬁrm its validity. All these
are consistent with ﬁrst classical observations by Belitzer and
Tsybakova [4] and many other observations.
4.2. ADP ﬂux ampliﬁed by coupled MtCK–ANT is a necessary component
of metabolic feedback signaling
Our results allow us to make several important conclusions about
the nature of metabolic feedback signaling between ATPases and
mitochondria in the heart and probably skeletal muscle and the brain
in vivo. This signaling seems to include three different components: Pi
ﬂuxes, changes in Cr/PCr ratios and ﬂuxes of endogenous ADP
strongly ampliﬁed by the functional coupling between MtCK and ANT
[11,18,28,126,127].
The role of extramitochondrial MgADP ﬂuxes in the regulation of
mitochondrial respiration in the whole system (cardiac cell) can be
seen from comparison of data from the difference of apparent kinetics
of mitochondrial respiration controlled by activated MtCK in thepresence and absence of free MgADP ﬂuxes (Fig. 7, Schemes 3 and 4).
In both situations endogenous extramitochondrial MgADP is pro-
duced by hydrolysis of exogenous MgATP in ATPase-reactions and by
MM creatine kinases bound to myoﬁbrils and sarcoplasmic reticulum.
This MgADP is generated within ICEUs near mitochondria and diffuses
into the intermembrane space even if VDAC permeability is restricted,
and free ADP enters into the matrix for rephosphorylation. Creatine
added under these conditions changes strongly the apparent afﬁnity
of mitochondrial respiration switching it from the control by
endogenous extramitochondrial MgADP toward that produced in
MtCK reaction (Kmapp for exogenous MgATP in the presence of creatine
decreases from ∼160 μM to ∼24 μM), (Fig. 3A, Fig. 7). A similar
tendency was observed when mitochondrial respiration was stimu-
lated by exogenous ADP without and with creatine [49,71,91]. The
apparent Km for free ADP in the presence of creatine is typically ten
times smaller than the Kmapp for ADP alone [49,71,91]. Kinetics becomes
different when we eliminate extramitochondrial MgADP by trapping
it in the PEP–PK reaction (Fig. 7, experimental model is represented in
Scheme 4). One explanation could be that this difference is due to the
inhibition of the MtCK reaction by its ﬁnal product phosphocreatine,
which as we can see in HPLC measurements (Fig. 9A) is accumulating
in the experimental medium. The PCr production can be carried out by
the forward MtCK and MMCK reactions. In our experiment, due to the
PEP–PK system, the free MgADP is efﬁciently removed from the
medium (Fig. 1B) and the extramitochondrial pool of free MgATP is
maintained at a high stable level (Fig. 9A). Under these conditions and
the stepwise increase of creatine concentrations, the PCr production
by cellular creatine kinases increases (see Fig. 9B), showing that MOM
is highly permeable to PCr. The constant of dissociation of PCr from
MtCK·PCr complex (Kip) is similar (∼0.9 mM) for mitochondria in
vitro and in situ in permeabilized cardiomyocyte, and thus does not
depend on changes in MOM permeability (Table 2). At the same time,
as we can see from Table 2 the apparent afﬁnity of MtCK in situ for
creatine increases manifoldly even in the presence of freely available
PCr. Therefore the observed differences are not explained by
inhibitory effects of PCr, which should result ﬁrst in the increase of
apparent dissociation constants for creatine, since they both have the
same binding site in the active centre of MtCK. However, for future
mathematical modelling we have to take into account the PCr
production in the steady state by cellular creatine kinases, induced
by our experimental conditions (Scheme 4).
Thus, the observed differences between systems III and IV (see Fig.
7) are most probably due to the presence of ADP ﬂuxes in the absence
of the PEP–PK system. The high respiration rate ismaintained in situ in
the absence of the PEP–PK system by endogenous MgADP but only if
creatine is present to activateMtCK (Fig. 3A). Even under conditions of
limited MOM permeability in vivo, in the presence of creatine the
respiration is maximally activated due to ampliﬁcation of stimulatory
effect of MgADP from cytoplasm by the mechanism of metabolic
channeling within coupled MtCK/ANT reactions [128]. Thus, the
functional coupling is a powerful ampliﬁer of the regulatory action of
cytoplasmicMgADP. This conclusion is fully consistent with the results
of the mathematical modelling of compartmentalized energy transfer
[97,104,126,129]. This model quantitatively reproduced the linear
dependence of oxygen uptake on workload (metabolic aspect of
Frank–Starling mechanism) and showed ﬁrstly the remarkable
stability of average values of ATP, phosphocreatine and creatine,
(PCr/ATP ratio) whenworkload (MgATPase activity) was changed and
secondly the signiﬁcant workload (and VO2) dependent variations of
cytoplasmic ADP concentrations within the cardiac cycle. In the
systolic phase the ADP level may be increased by a factor of 10 when
VO2 changed 10 times, induced by non-equilibrium behaviour of
myoﬁbrillar MMCK and MtCK [130]. These remarkable changes in
MgADP concentrations are related to small cyclic changes (within the
range of 5–10%) of creatine and PCr levels around their stable steady
state levels [97,126]. These cyclic small scale changes in PCr and
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use of gated 31PNMR [131,132]. Application of the Metabolic Control
Analysis to this model showed that respiration rate may be controlled
by Pi and by changes in creatine and ADP concentration, their ﬂux
control coefﬁcients depending onworkload and corresponding steady
state values of respiration rates [133].
Our experimental results described in this work are in concord
with the predictions of the mathematical model of compartmenta-
lized energy transfer and may be used for further corrections of
parameters of this model [126] when it will be included into future
general mathematical model of heart energy metabolismwhich is still
absent. The complete mathematical model of mitochondrial processes
of energy conversion is also needed for further quantitative analysis of
experimental data reported in this work and calculation of metabolic
ﬂuxes across the mitochondrial outer membrane in vivo. Further, in
our experiments the ATPase reactions were limited by the lack of Ca2+
in solution. Further studies with different concentrations of Ca2+ to
selectively activate MgATPases can better clarify the role of endogen-
ous extramitochondrial ADP ﬂuxes in regulation of mitochondrial
respiration in situ. The oscillations of ADP concentration may be
synchronized with localized changes of Ca2+in cytoplasm and in
mitochondria, modifying the activity of the enzymes of mitochondrial
systems to increase the rate of ADP rephosphorylation and consecu-
tively that of PCr production [126].
Our results are also consistent with important clinical observations
described by Neubauer and others, who showed that in patients with
heart failure myocardial ATP level remain normal (10 mM) until the
advanced stage of disease, but the creatine and PCr levels decrease at
earlier stages by 30–70% [125,134,135]. Thus the PCr/ATP ratio
becomes a stronger predictor of mortality as a result of cardiovascular
diseases than functional or clinical indexes [125]. All these changes
can be explained by the important role of PCr in maintaining ATP in
vitally important local cellular compartments, while the intracellular
steady state concentration depend both on mitochondrial activities
and intactness of functional coupling between MtCK and ANT.
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